CO 

to 

r- 
co 
o> 

o 

Q. 

LU 



(19) 





(12) 



EuropaischeS P tdmt 
European Patent Office 
Off ice europeen des brevets (11) EP 0 987 580 A1 

EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

22.03.2000 Bulletin 2000/12 

(21) Application number: 98203090.0 

(22) Date of filing: 16.09.1998 



(51) IntCI. 7 : G02F1/01 



(84) Designated Contracting States: 


(72) Inventor: Hoekstra, Tsjerk Hans 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


6951 LZDieren(NL) 


MCNLPTSE 


(74) Representative: 


Designated Extension States: 


ALLTLVMKROSI 


Schalkwijk, Pieter Cornells 




AKZO NOBEL N.V. 


(71) Applicant: Akzo Nobel N.V. 


Patent Department (Dept APTA) 


6824 BM Arnhem (NL) 


P.O. Box 9300 




6800 SB Arnhem (NL) 



(54) Optical intensity modulator and switch comprising the same 

(57) The invention pertains to an optical intensity 
modulator which comprises a waveguide containing a 
core adjacent to at least one cladding layer and exhibits 
a "refractive index n(core) different from the refractive 
index n(cl) of the cladding layer, characterized in that 
the waveguide is a bent channel waveguide and that the 
intensity modulator contains means for altering the tem- 
perature at or near the bend and that the core and the 
cladding layer exhibit different thermo-optic coefficients , 
at the bend such that the contrast between n(core) and 
n(cl) can be changed by altering the temperature. 

The said optical intensity modulator are more com- 
pact in size and more efficient with regard to energy 
consumption. 

The invention also pertains to thermo-optic 
switches and thermo-optic cascaded switches compris- 
ing the optical intensity modulator and to the use of the 
optical intensity modulator as a tunable attenuator. 
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Description 



[0001] The invention pertains to an optical intensity modulator which comprises a waveguide containing a core adja- 
cent to at least one cladding layer and exhibits a refractive index n(core) different from the refractive index n(cl) of the 
5 cladding layer. 

[0002] Such optical intensity modulators are known from, for instance, Akkari et al. , Journal of Non-Crystalline Solids 
187(1995)494-497. 

[0003] This publication concerns a thermo-optic mode extinction modulator where mode extinction occurs due to the 
counteracting effect that arises from having a guiding polymer thin film with a negative thermo-optic coefficient as a core 

io and a glass substrate with a positive thermo-optic coefficient. All discussed devices were made of poiyurethane varnish 
on BK-7 glass substrates. A stripeheater located on top of a protective layer (PMMA) was put over the poiyurethane 
core layer used to control the mode extinction via the thermo-optic effect. Akkari et al. achieved complete mode extinc- 
tion at reported switching times from cut-off (full extinction) to total transmission in the order of 6.7 ms. 
[0004] However, the known devices leave some room for improvement. Firstly, due to the stacked layer structure of 

is the guiding polymer thin film and the glass substrate, the optical intensity modulator described above is relatively large 
in size, which renders it less suitable for application in small and compact devices. 

[0005] Secondly, also due to the stacked layer configuration there is no control over the direction of the generated 
radiation mode. Thirdly, in order to increase efficiency, it is desirable that comparatively small temperature changes 
result in an efficient coupling out of the propagating mode. Being able to apply low temperatures would have the addi- 

20 tional advantage of avoiding degradation of the mostly polymeric material used for optical intensity modulators. 

[0006] It is noted that EP 0219069 also describes a rather complex light modulator that comprises a stack of a 
waveguide layer and an adjacent layer normally exhibiting a refractive index smaller than that of the waveguide layer, at 
least one of these layers being formed of a material whose refractive index changes by application of energy. An energy 
applicator is provided at least in one of these layers, and a dielectric grating is positioned at the surface of the adjacent 

25 layer over a section where energy is applied by the energy applicator. When a change in refractive index is caused to 
arise in the waveguide layer and/or the adjacent layer, the guided mode is radiated out of the stack. 
[0007] Like Akkari, also EP 0219069 only refers to stacked layer geometry, and radiation of the guided mode out of 
the waveguide layer is based on transversal differences in refractive indices. Although the interaction with the grating 
described in EP 0219069 renders the direction of the generated radiation mode more easily controllable and improves 

30 the extinction ratio of the modulated light, the items discussed in Akkari with respect to the geometry of the stack and 
the temperature to be applied also apply for EP 0219069. 

[0008] This invention has for its object to reduce or even obviate the said disadvantages. This is achieved by an optical 
intensity modulator as described in the first paragraph which waveguide is a bent channel waveguide and that contains 
means for altering the temperature at or near the bend and that at least at the bend, the core and the cladding layer 
3$ exhibit different thermo-optic coefficients such that the contrast between n(core) and n(cl) can be changed by altering 
the temperature. 

[0009] In contrast to the prior art devices, the optical intensity modulator of the present invention comprises a bent 
channel waveguide and thus the waveguide has a different structure. Such a structure, which is neither described nor 
taught by Akkari or in EP 0219069, reduces the size of the optical intensity modulator considerably compared to the 
40 stacked layer type and renders the device more compact. A particular advantage of a channel waveguide lies also in 
the fact that it renders the optical intensity modulator compatible to optical fibers which can be connected to that device. 
[001 0] The basic principle of the device according to the present invention that renders it suitable as an intensity mod- 
ulator and also improved compared to the devices of the prior can be outlined as follows. 

[001 1 ] In order to attain guiding of the propagating mode usually at a given temperature (which often is the room tem- 
45 perature) the refractive index of the core is higher than that of the adjacent cladding layer thus keeping the propagating 
mode in the core of the waveguide. To achieve attenuation, it is, however, desired to efficiently couple out this propagat- 
ing mode. In the waveguide of the present invention, core and cladding layer additionally show different thermo-optic 
coefficients which leads to the fact that when changing the temperature the difference of refractive indices of core and 
cladding layer either increase or decrease. As a consequence, light that propagates in the core will either stay there or 
so couple out of the core (hereinafter referred to as loss). As a matter of fact this depends on the materials used for core 
and cladding layer and the temperature change applied (cooling or heating), which together form the lateral refractive 
index contrast of the waveguide. 

[001 2] The term thermo-optic coefficient (toe) is defined by the change of the refractive index of a given material upon 
changing of the temperature. It can be expressed by the formula (1): 

55 

toc(a) = ^® (1) 



EP 0 987 580 A1 



with: 



toc(a) 
n(a) = 
To 



thermo-optic coefficient of material (a) 
refractive index of material (a) 
temperature in Kelvin 



[0013] The refractive index of a material showing a positive thermo-optic coefficient thus will increase upon tempera- 
ture rise and decrease, if the material is cooled. 

[0014] As a consequence, the refractive index of a material showing a negative thermo-optic coefficient thus will 
decrease upon heating and increase, if the material is cooled. The thermo-optic coefficient is known to the person of 
ordinary skill in the art and need no further elucidation here. When two materials with both different refractive indices 
and thermo-optic coefficients are combined, whereas one is forming the core and the other the cladding layer of a 
waveguide, a plurality of effects are possible that can be used for intensity modulation. 

[0015] If, e.g. the refractive index of the core n(core) is at room temperature higher than the refractive index of the 
cladding layer and further the toc(core) of the core is negative, whereas the toc(cl) of the cladding layer is positive (such 
a combination is possible, when using a polymeric material for the core and an inorganic material for the dadding layer), 
at room temperature the light will remain in the core, provided the contrast in refractive index of core and cladding is 
high enough. Upon heating of the waveguide the refractive index of the core decreases and that of the cladding layer 
increases. If the refractive index contrast is now lowered sufficiently, part of the light will be radiated out of the 
waveguide, the exact fraction depending on the value of that contrast. By adjusting the contrast value in such a way, the 
precise transmitted power can be controlled. 

[0016] A similar effect can be achieved if both toc(core) and toc(cl) of the aforementioned waveguide are negative, 
provided that toc(core) has a greater absolute value, which leads to a faster decrease of n(core) than of n(cl) upon heat- 
ing (such combination is achievable, when using e.g. a rubbery polymer for the core and a glassy polymer for the clad- 
ding layer). 

[0017] In both cases outlined above the loss (i.e. coupling-out of the propagating mode of the core) is obtained upon 
rising the temperature. It is clearly in the scope of the present invention and also clear to those skilled in the art that also 
other combinations are possible. 

[0018] If e.g. an inorganic material is used as core having an refractive index n(core), which is at room temperature 
lower than the (e.g. polymeric) material of the cladding layer n(d), but the toc(core) of the core material is positive and 
the toc(cl) of the cladding layer negative) this will lead to a high loss of light at room temperature. Upon heating, how- 
ever, the refractive index n(core) of the core will increase whereas n(cl) of the cladding layer will go down. At a certain 
temperature the contrast between n(core) and n(c!) is such that the light will predominately remain in the core. Attenu- 
ation thus will be obtained when cooling such a system down from this certain temperature to e.g. room temperature. 
[001 9] Off course, it is also possible to construct an intensity modulator in such a way that at room temperature there 
is virtually no loss of light, whereas, upon cooling to a certain temperature below room temperature the attenuation (cou- 
pling out of the light of the core) will take place. Means for cooling, such as pettier elements, are known to those skilled 
in the art. 

[0020] It is. off course, also possible to combine for core and cladding materials, of which one shows an toe which is 
zero. In this case it is merely a matter of controlling the refractive index change with respect to temperature of the other 
component. 

[0021] A person skilled in the art is capable of designing intensity modulators by making use of the above outlined 
principle, thereby varying the materials applied for core and cladding layer with respect to the desired refractive indices 
and/or thermo-optic coefficients, introducing means for heating or cooling to the waveguide, in order to achieve or to 
prevent coupling out (loss) of light from the core. 

[0022] A particular advantage of the intensity modulator according to the present invention is that the effects as out- 
lined in the preceding paragraphs will be much more pronounced if the waveguide is bent at the location of a refractive 
index contrast due to the strong dependence of light transmission through a waveguide bend on the waveguide lateral 
refractive index contrast. This dependence makes it e.g. possible to achieve a high loss of the propagating light by only 
changing the temperature at distinct locations, i.e. at or near the bends. 

[0023] Due to the fact that furthermore the direction and the radii of the bends can be chosen when designing the 
bent channel waveguide, it is possible to control the direction of the light, when coupling out. This is especially advan- 
tageous when absorption of the coupled-out light. e.g. by means of absorbers, is desired. 

[0024] Therefore, due to bend geometry it is sufficient, although in a non-restrictive way, to selectively heat or cool 
only a fraction of the waveguide, i.e. the bends, and thus to apply an overall lower power to obtain a high efficiency of 
the optical intensity modulators. That renders the optical intensity modulator of the present invention more economical 
than those of the prior art. 

[0025] As already mentioned earlier it is desired to apply relatively low temperatures in order to avoid degradation 
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iteriai used in optical intensity modulators. It is therein c 



and/or too high stress of the. material used in optical intensity modulators. It is therefore preferred that the temperature' 
changes applied to achieve the alteration in contrast between n(core) and n(cl) is between 20 and 100 K. 
[0026] For many applications, such as in thermo-optic devices, it is preferred to design the intensity modulator that 
the attenuation due to contrast changes come apparent when heating up the device, say, e.g., from about room tem- 
5 perature to about 50 °C. 

[0027] It is therefore another preferred embodiment of the invention that at room temperature the refractive index 
n(core) of the core is higher than the refractive index n(cl) of the cladding layer and that contrast between n(core) and 
n(cl) of the optical intensity modulator decreases with an increase in temperature. 

[0028] . It goes without saying that the bends of the waveguide must be designed in such a way that sufficient trans- 
10 mission of the light through the core is achieved as long as coupling-out is not desired. This can be done by adjusting 
the bend radii during fabrication of the intensity modulator. It is preferred to select the radius of the bend in such a way 
that transmission through the core of the channel waveguide is reduced from greater than 80% to less than 1 0% by acti- 
vating the means for increasing the temperature at or near the bend, in order to obtain sufficient transmission in the 
beginning and sufficient extinction after heating up. 
75 [0029] In a further preferred embodiment of the present invention the optical intensity modulator may be built up, e.g., 
as follows. 

[0030] Underneath the bent waveguide structure there is a support, e.g., a glass or silicon substrate. On the substrate 
the following successive components can be identified: a lower cladding layer, a core, and an upper cladding layer. The 
cladding layer material may be inorganic, such as glass, or a polymeric material. Said cladding layers have an index of 
20 refraction lower than that of the core. The core, which comprises the actual waveguiding design, may be made of inor- 
ganic or polymeric material. 

[0031] The polymers used for these components are so-called optical polymers. The refractive index of the optical 
polymers used will generally be within the range of from 1 .4 to 1 .8, 

[0032] Optical polymers are known, and the person of ordinary skill in the art is able to choose polymers having the 
25 appropriate refractive indices, or to adapt the refractive indices of polymers by chemical modification, e.g., by introduc- 
ing monomeric units that affect the refractive index. 

[0033] As all polymers exhibit a thermo-optical effect, basically any polymer having sufficient transparency for the 
wavelength used can be employed in the core of the waveguide. Said transparency requirement also holds for the clad- 
ding J.ayer. Particularly suitable optical polymers include polyacrylates, polycarbonates, polyimides, poiyureas, and pol- 
30 yarylates. 

[0034] A planar or slab waveguiding structure can be transferred into a structure comprising channel waveguides with 
a pattern of light paths (the specific design) in various manners. Methods to achieve this are known in the art. For exam- 
ple, it is possible to introduce such a pattern by removing portions of the slab waveguide, e.g., by means of wet-chem- 
ical or dry-etching techniques {reactive ion etching, laser ablation), and to optionally fill the gaps formed with a material 

35 having a lower index of refraction. Or, e.g., photosensitive material that can be developed after irradiation may be used. 
In the case of a negative photoresist the photosensitive material is resistant to the developer after irradiation, and the 
portions of the material that were not subjected to irradiation can be removed. It is preferred to use a positive photore- 
sist, and to define the channels by means of an irradiation mask covering the waveguide portions that will form the 
channels. The irradiated material then is removed using developer, after which a material of lower refractive index is 

40 applied. 

[0035] Of course, the optical intensity modulator according to the present invention is not restricted to a structure of 
lower cladding layer, core, and upper cladding layer. In principle, it can comprise additional claddings, such as buffer 
layers, protective layers, or core-matching layers. 

[0036] The various layers can be applied by spincoating, which in case of inorganic materials requires the sol-gel 
45 technology. In order to be able to spincoat layer-on-layer, it is often necessary to cross-link one layer before applying 
the next layer. Therefore, the polymers used in the present invention are preferably rendered cross-linkable either by 
the incorporation of cross-linkable monomers or by mixing cross-linkers such as polyisocyanates, polyepoxides, etc. 
into the polymer. 

[0037] As means for increasing the temperature the optical intensity modulator usually comprises, e.g., metal heaters 
so or electrodes on top of the upper cladding layer. 

[0038] These heaters or electrodes are usually made of gold and/or metals such as chromium, nickel, titanium, cop- 
per, platinum or combinations or alloys thereof. 

[0039] In a preferred embodiment of the present invention the core of the optical intensity modulator is made of a 
glassy polymer and at least one of the cladding layers adjacent to the core of an inorganic material, such as glass, fused 
55 silica and/or SiON (siliconoxide/nitride). Glassy polymers usually exhibit a thermo-optic coefficient in the order of -10" 
4 /K, whereas, e.g., that of fused silica is around +10' 5 /K. 

[0040] In another preferred embodiment of the invention a rubbery polymer is used to form the core and a glassy pol- 
ymer is used to form at least one of the cladding layers adjacent to the core. Rubbery polymers usually exhibit a thermo- 
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optic coefficient that - due to their higher thermal expansion - is three to five times higher than that of polymers in the 
glassy state. Typical values are in the order of -5x1 0* 4 /K. 

[0041] . In consequence, a further preferred embodiment of the present invention is an optical intensity modulator 
wherein a rubbery polymer is used to form the core and an inorganic material, such as glass, fused silica and/or SiON 
(siliconoxide/nitride) is used to form at least one of the cladding layers adjacent to the core. 
[0042] It is preferred to use silicon for the substrates in the present invention. These substrates are readily available 
on the market, are of homogeneous thickness, and offer good heat sink properties. Furthermore, they are frequently 
used in integrated circuit techniques and apparatus. 

[0043] The optical intensity modulator according to the invention, however, is not restricted to core/cladding layer 
structures on a substrate. 

[0044] Therefore, in another preferred embodiment of the optical intensity modulator according to the present inven- 
tion the optical intensity modulator comprises a bent tapered single mode optical fibre as the core surrounded by a pol- 
ymer as the cladding layer. 

[0045] In principle, again the materials for the core and the cladding layer can be widely chosen, so long as the above- 
mentioned requirements for the optical refractive index and the changes in optical refractive index with temperature are 
satisfied. Preferred is a bent tapered glass fibre that is embedded in a polymer, in particular preferred a rubbery poly- 
mer, as the cladding layer. The fabrication technique for such a configuration is similar to what is described by M.B.J. 
Diemeer et al., Electron. Lett ., Vol. 24, No. 8 (1 988), 457, where it is applied for switching between two fibres in a fused 
coupler switch. 

[0046] In another preferred embodiment the bent channel waveguide of the optical intensity modulator is a rolled-up 
or meandering Waveguide. This geometry would enhance the bend loss. e.g. in the heated state, considerably, due to 
. the increased number of bends. 

[0047] The present invention also pertains to a thermo optic switch comprising at least one input and at least one 
output that comprises a heating means and an optical intensity modulator as described above. Common thermo-optical 
switches, such as switches based on the technology of BeamBox® (a registered trademark of Akzo Nobel Photonics) 
exhibit switching times of usually less than 2 ms. The switching properties are based on heat-induced refractive index 
modulations causing variations in the mode evolution. When switched the output of an optical waveguide in the off state, 
the output is desired to change its characteristics from virtually complete transmission for the propagating mode to vir- 
tually complete attenuation. Usually, however, thermo-optical switches suffer from the fact that a fraction of the propa- 
gating mode still remains in the waveguide that should have been brought to full attenuation by changing the refractive 
index and eventually leaves the switch in an undesired direction. This phenomenon is known to the person skilled in the 
art as crosstalk. The present invention provides an optical intensity modulator that due to its characteristics of different 
thermo-optic coefficient and bends leads to a considerably better crosstalk performance, when used, e.g., in thermo- 
optic switches, as a result of a more efficient coupling-out of remaining light. 

[0048] As mentioned above, in thermo-optic switches means for heating are used to cause the refractive index 
change. It is one particular advantage provided by the present invention that these heating means and the means for 
heating the bend of the channel waveguide can be integrated. This renders the claimed optical intensity modulator even 
more efficient and compact and facilitates the fabrication of thermo-optic switches comprising the optical intensity mod- 
ulator. 

[0049] Another particular advantage is that in many cases bent channel waveguides are already present in thermo- 
optic switches, such e.g. in Y-switches. The reason for the introduction of bends is to keep the output channels suffi- 
ciently apart from each other, in order to achieve a desired off set, which is often in the order of 1 25 pm. 
[0050] In another preferred embodiment the optical intensity modulator according to the invention is used in a switch 
that is present in the last stage of a cascaded switch. 

[0051 ] Cascaded switches are known from WO 96/38756. In order to reduce crosstalk they are provided with an addi- 
tional Y-splitter of which only one output path is a functional output path. When the functional output path is in the "off" 
state, the other branch is used for directing light into, in order to decrease the optical power in the functional output path, 
thus improving extinction and decreasing crosstalk. However, when the cascaded switch is provided with an optical 
intensity modulator of this invention as the last switch, it is possible to reduce crosstalk without the necessity of an addi- 
tional branch. 

[0052] It is noted that DE 3742331 refers to an optical glass fibre core (e.g. quartz) surrounded by a coat made from 
organic material (e.g. silicone), thus forming a waveguide. The light can be coupled out due to a difference in the 
thermo-optic coefficients of core and coat. This coupling-out is performed by a second waveguide (coupler), which is 
cooled by liquid nitrogen. The device has a length of about 1m and is described as useful for temperature measure- 
ments between -196 °C and 20 °C. The principle, however, is different from that of the present invention, as a second 
waveguide is used that contacts at a particular location of the first waveguide, where the coupling-out occurs. Therefore, 
there are no bends in the device disclosed by DE 3742331. Bends would endanger the accuracy of the measurements, 
as there is the risk that a considerable fraction of the propagating mode would leave the waveguide at undesired loca- 
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tions. 

[0053] In yet another embodiment the optical intensity modulator is used in a tunable attenuator. This is achieved by 
optical feedback via taps or waveguide temperature control by utilizing the temperature dependence of the heater 
stripes. The bend loss can be fixed at a certain value (for this reference is made to S. Suzuki et al., J. Lightwave Tech- 
5 . noL Vol. 12, No. 5 (1994) 790) and that renders the device suitable as a tunable attenuator. 
[0054] The invention is further illustrated by the following unlimitative example: 

Example 1 

10 Dgyjce fabrication 

[0055] Fig. 1 schematically shows the. arrangement of a typical optical intensity modulator according to the invention 
suitable for a wavelength of 1 .55 nm. In this example the optical intensity modulator has a four-component structure on 
a substrate made of silicon dioxide. A typical route for the preparation of such an optical intensity modulator is as fol- 
15 lows: 

[0056] The first step in the fabrication process is the thermal oxidation of the silicon wafer, which yields a 3 fim thick 
Si0 2 layer. Next the SiON layer of 7 thickness was grown by plasma enhanced chemical vapor deposition. After 
sputtering a chromium masking layer, the waveguide was patterned by ordinary photolithography. The trenches for the 
waveguide channels were etched into the SiON layer by means of CHF 3 reactive ion etching (RIE). It was found to be 
20 essential that the photoresist layer used for the patterning of the chromium masking layer is left on it during the etching, 
in order to prevent redeposition of the chromium in the waveguide channels. In case no chromium was applied, etching 
resulted in very rough waveguide edges. The waveguides were square and the sidewalls were straight, i.e. the etch 
process is anisotropic. 

[0057] A difficult step in the fabrication process is the deposition of the core polymer in the waveguide channel. After 
25 applying an adhesion promoter, the core polymer is spin casted on the wafer. After curing this layer, a polymer with good 
planarization characteristics and RIE characteristics nearly equal to that of the core polymer, was spun on top of the 
core to obtain a flat layer surface. After another curing step, the complete stack was etched down to the SiON by RIE 
with an 0 2 -plasma. Since the etching characteristics of the two layers are the same, the core polymer will finally only 
be present in the channel. Next the match polymer was spin casted and cured followed by application of the low index 
30 polymer layer. 

[0058] The next step is the fabrication of the heater electrodes. For that a 20 nm thick titanium layer followed by a 350 
nm thick gold layer were sputtered on the sample. The titanium serves as an adhesion layer between the gold and the 
polymer. The 7 ym wide electrode structure is then defined by photolithography. 

[0059] Finally the wafer is diced to obtain the optical end faces. During the sawing the polymer is protected from dam- 
35 aging by a glass plate glued on top of the layer stack. 

[0060] The contrasts and thicknesses of the layers are listed in Table 1 and were selected for an efficient fibre-chip 
coupling. 
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Table 1 






Component 


Refractive index 


Thickness (fim) 




Low polymer 


1.48 


5 


45 


Match polymer 


1.51 


5 


Core polymer 


1.516 


5 




SiON 


1.51 


7 




Si0 2 


1.45 


3 



[0061 ] The electrodes on top of the low polymer layer were made of gold. Their thickness was 350 nm and they were 
7 nm wide. The low polymer layer itself was chosen only to be thick enough and is not necessarily optimal. 
[0062] The bends of the channel waveguide were adjusted in the form of S-bends. The bend radius was 10 cm at an 
offset of 200 jim and was obtained by model calculations performed using the beam propagation method (BPM) rou- 
tine, a method that is known to the person of skill in the art. Results indicated that an S-bend exhibiting an offset of 
about 100 \im should have a bend radius of at least 1 .5 cm, in order to ensure a transmission of at least 80 % in the 
inactivated (unheated) state. 



Experimental results 
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[0063] Fig. 2 shows the experimentally obtained dependency of the extinction of a modulator versus the applied 
power for a device of 9 mm length and an offset = 200 urn. It is clear that the device qualitatively behaves as expected. 
5 When the applied power is increased to 1 .5 W (at 20 V), the extinction ratio increases to 23 dB. Upon applying higher 
actuation powers, extinction ratios above 30 dB were even observed. 

[0064] The straight waveguide attenuation at X = 1 .55 ^im was measured to be 1 dB/cm, a reasonably low value. The 
attenuation is mainly attributed to the N-H absorption peak, which is observed in SiON and to the roughness of the 
etched waveguide sidewalls. The first problem can be reduced by annealing the SiON, while it is expected that careful 
io optimization of the CHF3RIE process will lead to smoother walls. 

[0065] Before actuation the device showed an excess loss of 3.4 dB compared to that of a straight waveguide with 
the same length. From this value the refractive index contrast before actuation can be calculated to be An = 0.004. The 
required refractive index change to obtain an extinction of 23 dB is An = 0.0005. 

75 Claims 

1 . An optical intensity modulator which comprises a waveguide containing a core adjacent to at least one cladding 
layer and exhibits a refractive index ri(core) different from the refractive index n(cl) of the cladding layer, character- 
ized in that the waveguide is a bent channel waveguide and that the intensity modulator contains means for altering 

20 the temperature at or near the bend and that the core and the cladding layer exhibit different thermo-optic coeffi- 
cients at the bend, such that the contrast between n(core) and n(cl) can be changed by altering the temperature. 

2. The optical intensity modulator of claim 1 wherein at room temperature n(core) is greater than n(cl) and the contrast 
between n(core) and n(cl) decreases when increasing in temperature. 

25 . 

3. The optical intensity modulator of claim 1 or 2 wherein the modulator comprises a substrate which contains a struc- 
ture thereon comprising at least an upper cladding layer, a core, and a lower cladding layer. 

4. The optical intensity modulator of any one of claims i -3 wherein the core is formed from a glassy or rubbery poly- 
30 mer and at least one of the cladding layers adjacent to the" core is formed from an inorganic material or a glassy 

polymer. 

5. The optical intensity modulator of any one of claims 1-4 wherein the core is a bent tapered single mode optical fibre 
surrounded by a polymer as the cladding layer. 

35 . . 

6. The optical intensity modulator of any one of claims 1-5 wherein the bent channel waveguide is a rolled-up or 
meandering waveguide. 

7. A thermo optic switch comprising at least one input and at least one output, which output comprises heating means 
40 and the optical intensity modulator of any one of claims 1-6. 

8. The thermo optic switch of claim 7 wherein the heating means for the output and the means for altering the tem- 
perature are integrated. 

45 9. A thermo optic cascaded switch which comprises as the last switch the optical intensity modulator of any one of 
claims 1-6. 

10. A tunable attenuator which comprises the optical intensity modulator according to any one of claims 1 -6. 
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